An experimental method is described for obtaining quantitative selectivity information for H-atom abstraction by organic radicals from different sites of a substrate in the gas phase. The method is used to determine the selectivities of five different phenyl radicals toward the three different types of hydrogen atoms in ethanol. This experimental method involves studying the reactivities and selectivities of derivatives of the radicals that contain a chemically inert, charged group (distonic ions), which allows them to be manipulated in a Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometer. A large number of studies suggest that the action of some potential anti-tumor antibiotics is based on H-atom abstraction by aromatic, ,-biradical intermediates from a sugar moiety in DNA (which ultimately leads to cell death) [1] [2] [3] [4] [5] [6] [7] [8] [9] . These compounds, however, are also destructive to healthy cells. An understanding of the factors that control the selectivity of aryl monoradicals and biradicals in H-atom abstraction reactions could aid the development of drugs that are more selective and, thus, less cytotoxic [10] . Here, we report the results for the first of a series of gas-phase studies on the selectivity of aryl radicals in H-atom abstraction reactions.
A large number of studies suggest that the action of some potential anti-tumor antibiotics is based on H-atom abstraction by aromatic, ,-biradical intermediates from a sugar moiety in DNA (which ultimately leads to cell death) [1] [2] [3] [4] [5] [6] [7] [8] [9] . These compounds, however, are also destructive to healthy cells. An understanding of the factors that control the selectivity of aryl monoradicals and biradicals in H-atom abstraction reactions could aid the development of drugs that are more selective and, thus, less cytotoxic [10] . Here, we report the results for the first of a series of gas-phase studies on the selectivity of aryl radicals in H-atom abstraction reactions.
An examination of H-versus D-atom abstraction from a partially labeled substrate by a phenyl radical yields semi-quantitative information about the selectivity of the radical. The difficulty, however, is that the selectivity observed in such reactions does not exactly correspond to the selectivity that is observed for the same site in an unlabeled compound. If a kinetic isotope effect (KIE) exists, the presence of a heavy isotope can affect the relative abundances of the products. That is, D-atom abstraction is likely to be slower, relative to H-atom abstraction, from the same site in the same molecule. Thus, in order to use the results obtained from selectivity studies of reactions of deuterium labeled compounds to understand the selectivities of the reactions of unlabeled analogs, it is necessary to develop a method that accounts for any potential KIE.
Dunlop and Tully have previously reported a method for obtaining site-specific rate constants for H-atom abstraction by HO⅐ from 2-propanol in the gas phase by using a laser photolysis/laser-induced fluorescence technique [11] . However, this approach is based on the assumption that the KIE measured for HO⅐ for abstraction of a primary (methyl) H-/D-atom from ethane, or neopentane, represents the relative reactivity of HO⅐ toward CH 3 -and CD 3 -groups in 2-propanol. Herein, we report an approach that can be used to obtain quantitative selectivity information for radicals in H-atom abstraction reactions that involve partially deuterium-labeled substrates without the assumption made by Dunlop and Tully, and the application of this method for the determination of the selectivities of five substituted phenyl radicals toward the three different types of hydrogen atoms in ethanol. Our method is based on the "distonic ion approach", which can be used to study radical reactions in the gas phase [12] . This experimental method involves studying the reactivities and selectivities of derivatives of the radicals which contain a chemically-inert, charged group (distonic ions), which allows them to be manipulated in a Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometer. The products of the H-and D-atom abstraction reactions can be easily identified in a mass spectrum by their different mass-to-charge ratios.
Experimental
All experiments were carried out using a dual-cell Finnigan Model FTMS 2001 FT-ICR mass spectrometer described previously [13] . Unlabeled ethanol (chemical purity 99.5%), and three partially labeled forms of ethanol, CD 3 The chemical purities, and the absence of any partially labeled isotopomers, were confirmed via mass spectrometric analyses of these materials. The aryl radicals were generated and isolated, and their reactivities were then studied, as described previously [12, 13] . All reactions were monitored until at least 90% of the radical had reacted. Reaction efficiencies (EFF) were derived by dividing the experimental second-order reaction rate constants by the calculated [14] collision rate constants (k exp /k coll ). The product branching ratios were determined by dividing the abundance of each product ion by the sum of the abundances for all of the product ions.
Results and Discussion
Based on previous reactivity studies [13] for a variety of charged phenyl radicals, five substituted phenyl radicals, whose reactivities toward ethanol were expected to range from relatively high (Table 1a , b, and c) to relatively low (Table 1e and f), were chosen for this study. Ethanol (both unlabeled and partially deuterium labeled) was selected as the H-atom donor because it contains hydrogen atoms that have similar (structural) environments to those in sugars, and because H-atom transfer was expected to be the dominant, if not the only, pathway for the reactions with the selected phenyl radicals.
The total reaction efficiencies and H/D branching ratios for the reactions of the phenyl radicals with ethanol are shown in Table 1 . Hydrogen atom abstraction was indeed the only observed reaction. As expected, the combined H-and D-atom abstraction efficiencies are lower for most of the reactions with partially labeled ethanol than the corresponding H-atom abstraction efficiencies for the reactions with unlabeled ethanol. Clearly, a KIE exists for these reactions. The KIE includes a primary effect (associated with C™D versus C™H bond being broken) and two kinds of secondary effects, ␣-secondary isotope effects due to the difference in the residual isotopic composition at the carbon atom undergoing C™H/C™D bond cleavage, and ␤-secondary isotope effects arising from isotopic substitution in an adjacent group. In order to obtain H-atom abstraction rates for the different sites in CH 3 CH 2 OH, it was necessary to assume that the ␤-secondary isotope effects are either absent, or make an insignificant contribution to the overall reaction efficiency. This assumption seems reasonable considering the fact that secondary isotope effects, and in particular ␤-secondary isotope effects, are typically close to unity, and hence much smaller than primary isotope effects [15] . Support for this expectation is provided by a rough approximation of the ␤-secondary isotope effects using the experimental data reported here. The ␤-secondary isotope effects were estimated to be close to unity (0.83-0.99) by solving the seven equations shown below. It was assumed that the ␤-secondary isotope effect (x) for H-abstraction from the CH 3 group in CH 3 CD 2 OH is equal to that for H-abstraction from the CH 2 group in CD 3 CH 2 OH, and the ␤-secondary isotope effect (y) for D-abstraction from the CD 3 group in CD 3 CD 2 OH is equal to that for D-abstraction from the CD 2 group in CD 3 CD 2 OH. 
This assumption is required in order to equate the rate of H-atom abstraction from a specific group, such as CH 3 -, CH 2 -, or HO-, in a partially labeled compound to that in an unlabeled compound. The total efficiency for H-(or D-) atom abstraction from a molecule (such as ethanol) is equal to the sum of the reaction efficiencies for H-(or D-) atom abstraction from each of the possible reactive sites (hereafter, referred to as "group efficiencies"): CD3 , and EFF CD2 are the reaction group efficiencies for H-or D-atom abstraction from each group (CH 3 -, CH 2 -, HO-, CD 3 -, and CD 2 -, respectively) without statistical corrections.
In order to derive the group efficiencies, the above equations, as well as three additional independent equations (see below), were employed. The least squares method (implementation by MatLab 6.5) was used to obtain the best possible solutions to this over-determined system (seven equations, five unknowns) [16] . The CH 3 -, CH 2 -, and HO-group efficiencies for the five phenyl radicals are shown in Table 2 . The accuracy and legitimacy of the method was evaluated by comparing the measured total reaction efficiency for each phenyl radical to the sum of the derived group efficiencies. For all five phenyl radicals, the sum of the derived group efficiencies are indeed the same as the measured total reaction efficiencies, within experimental error ( Table 2) .
In order to evaluate the percentage that each group contributes to the total H-atom abstraction efficiency in unlabeled ethanol, a "contribution ratio" was calculated for each group. To do this, each CH 3 -, CH 2 -, or HOgroup efficiency (calculated as described above) was divided by the sum of the group efficiencies. For example, the CH 3 -, CH 2 -, and HO-group efficiencies for phenyl radical a are 3.3%, 8.1% and 0.066%, respectively (Table 2 ). Dividing each of these group efficiencies by the sum of the group efficiencies (3.3% ϩ 8.1% ϩ 0.066% ϭ 11.5%) yields contribution ratios of 29%, 71%, and 0.58% for the CH 3 -, CH 2 -, and HO-groups, respectively. Finally, the "selectivity" for H-atom abstraction from each group was obtained by dividing each contribution ratio by the number of H atoms contained in that particular group. For phenyl radical a, the calculated selectivities for H-atom abstraction from the CH 3 -, CH 2 -, and HO-groups are 9.7% (29%/ 3), 36% (71%/2), and 0.58% (0.58%/1), respectively. Thus, phenyl radical a is about four times more reactive toward the CH 2 -group in ethanol than toward the CH 3 -group, and is least reactive toward the HO-group. Comparison of the selectivities of all the phenyl radicals suggests that as the reactivity of the radical decreases (a Ͼ b Ͼ c Ͼ d Ͼ e), the selectivity toward the CH 2 -group increases slightly (36%, 39%, 40%, 43%, and 45%, respectively) while the selectivity toward the CH 3 -group decreases (9.7%, 7.3%, 6.7%, 3.7%, and 2.8%, respectively).
The contribution ratios and selectivities for all five phenyl radicals are given in Table 2 . It is perhaps not surprising that all five phenyl radicals are most reactive toward the CH 2 -group in ethanol considering the fact that the homolytic bond dissociation energy (298 K) for the CH 2 -group (94.5 Ϯ 0.9 kcal/mol, [17] ) is lower than that for either the HO-group (104.7 Ϯ 0.8 kcal/mol, [17]) or the CH 3 -group (99.5 Ϯ 2 kcal/mol [18] ). The kinetic isotope effects for H/D-atom abstraction from the methylene and methyl groups in ethanol by the phenyl radicals, which are composed of the primary and ␣-secondary kinetic isotope effects, were calculated by taking the ratios of the group efficiencies, EFF CH2 / EFF CD2 and EFF CH3 /EFF CD3 , respectively, and are listed in Table 3 . The kinetic isotope effect for H/D-atom abstraction from the methylene group by the five phenyl radicals ranges from 1.7 to 3.9, and that from the methyl group ranges from 2.3 to 6.2.
Finally, differences in the atom abstraction efficiencies of substituted phenyl radicals have been rationalized [13] based on differences in the extent of stabilization of relevant transition states due to polarization. In addition, the (calculated) vertical electron affinities (EA) of these radicals were found [13] to correlate well with the observed reaction efficiencies, which suggest that the EA may provide a measure of the extent of stabilization in the transition state. The vertical EAs for a-e were calculated at the B3LYP/6-31 ϩ G(d) level of theory (the appropriateness of this level of theory has been addressed previously [13] ). Indeed a weak correlation was found between the measured total reaction efficiencies for radicals a-e and the calculated vertical EAs (Figure 1 ).
Conclusions
The experimental determination of the selectivities of five charged phenyl radicals toward the three different types of hydrogen atoms in unlabeled ethanol indicate that, like HO⅐ radical [7, 19] , there is a strong preference for H-atom abstraction from the CH 2 -group in ethanol by all of the phenyl radicals. In addition, the preference (selectivity) for the CH 2 -group increases and that for the CH 3 -group decreases as the reactivity (and electrophilicity) of the phenyl radical decreases. The preference for H-atom abstraction from the CH 2 -group in ethanol by the phenyl radicals is undoubtedly due to the lower bond dissociation energy for this group than that for either the CH 3 -group or the HO-group.
The kinetic isotope effect KIE that has been reported [20] for D-atom abstraction by HO⅐ from the CD 3 -group in methanol (2.15 at 293.5 K) falls within the range of KIE values measured for D-atom abstraction by the five phenyl radicals from the CD 2 -group in ethanol (1.7-3.9). The KIE that has been reported [21] for D-atom abstraction by HO⅐ from the CD 3 -group in ethane (4.61 at 293 K) is also within the range of the KIE measured for D-atom abstraction from the CD 3 -group in ethanol by the five phenyl radicals (2.3-6.2). 
